The 31mer 5'-TCA ACG CTA GAA TTC GGA TCC ATC GCT TGG T, the complementary 33mer 5'-CCA AGC GAT GGA TCC GAA TTC TAG CGT TGA GAT, the 40mer 5'-GGC CAG GAT GGT GAA GAA TTC GAT CCG GTA CGT AGC TAA G, and the complementary 42mer 5'-TAC TTA GCT ACG TAC CGG ATC GAA TTC TTC ACC ATC CTG GCC were synthesized and their reactivity towards EcoRI was studied. It was found that the 31mer and the 40mer were cleaved at a comparable rate to the 31mer-33mer hybrid and the 40mer-42mer hybrid, respectively. The rate of cleavage of the 33mer and the 42mer was an order of magnitude lower. To rule out possible intermolecular duplex formation, the 33mer was immobilized on cellulose by ligation and labeled with a"^P-dCTP using Klenow fragment of E_. coli DNA polymerase. EcoRI cleaved this immobilized oligomer into specific fragments.
INTRODUCTION
Sequence specific, or type II, restriction endonucleases recognize and cleave double-stranded (ds) DNA within a defined sequence (1). As such, they have emerged as valuable research tools and are indispensable for molecular biology. About eighty restriction enzymes with different sequence specificities are now commercially available; surprisingly little, however, is known about their mode of recognition and cleavage (2) .
Restriction endonucleases were generally believed to cleave only ds DNA. Cleavage of single-stranded (ss) DNA has been observed (3,4) and recently it has been suggested that ss cleavage is a general behavior of restriction enzymes (5). These studies were done with DNA from natural sources, however, and due to the complexity of the DNA it remains unclear whether restriction endonucleases act indeed on ss DNA or only on transiently formed duplex structures ("canonical structures"). Only a few investigations have used oligonucleotides as simple, well-defined systems (6) . In one report Mspl was shown to cleave ss oligonucleotides, although the rate of ss cleavage was an order of magnitude lower than ds cleavage (7). The synthesis of oligonucleotides now being a routine procedure (8), such studies are becoming more commonplace (9).
EcoRI is the most extensively studied restriction enzyme (10) and it provides a model system for sequence-specific DNA-protein interactions. It recognizes and cleaves the sequence 5'-GAA TTC-3 1 and it is believed to act only on ds DNA. From kinetic data using the self-complementary octanucleotide T GAA TTC A it was inferred that the reacting species was actually the duplex TGAATTCA/ACTTAAGT (11).
In the present paper we report our findings that EcoRI cleaves ss and ds oligonucleotides in solution and also ss oligonucleotides immobilized on solid support. This has consequences on the enzyme's presumed mechanism of action.
MATERIALS AND METHODS Enzymes and Chemicals
Oligonucleotides were synthesized by the H-phosphonate method (12) on a Biosearch Model 8600 DNA Synthesizer and were purified by gel electrophoresis. Restriction enzymes, DNA polymerase I (Klenow fragment), T4-DNA ligase and polynucleotide kinase were from New England Biolabs. Oligo dT cellulose was from Sigma. Y -32 P-dATP and a-32 P-dCTP were from Amersham Corporation. Snake venom phosphodiesterase was from Boehringer Mannheim. Restriction Enzyme Digests 32 A mixture containing the 5'-P labeled oligomer at a given concentration in the buffer system recommended by the commercial supplier of the enzymes was incubated with a given amount of restriction endonuclease at a certain temperature (volume was 20 to 50 nl). At time intervals aliquots (2 to 10 pi) were withdrawn, quenched by heating to 1OO°C for 2 min, the DNA was ethanol precipitated and analyzed on a 20 percent aery1 amide/7M urea sequencing gel. The gel was exposed to photographic film and the darkness of the spots was measured by gel scanning. The oligomers were annealed by incubating an equimolar amount of the complementary oligonucleotides in the restriction enzyme buffer system at 70°C for 30 min followed by 37°C for 2 hours. The success of the reaction was checked by gel electrophoresis under non-denaturing conditions. The oligonucleotide concentrations were calculated from the A£gQ value. Ligation of the 33mer to oligo dT cellulose (see Fig. 2 To determine the yield of the ligation step, the experiment was repeated using 32 P-labeled 33mer. After ligation ~15 percent of the total counts were found to remain on the cellulose after repeated washings with water. On incubation of this labeled, immobilized oligomer with snake venom phosphodiesterase, more than 90 percent of the total counts were released from the cellulose. In a control experiment to determine the amount of 32 unspecific adsorption the experiment with the P-labeled 33mer was repeated without addition of T4 ligase; no significant radioactivity was incorporated into the cellulose.
Labeling of the immobilized oligomer with Klenow fragment
A mixture containing the oligomer duplex from the ligation step, dATP (0.5 mM), dCTP (0.5 mM), a-32 P dCTP (10 yM; 400 Ci/mmol) and Klenow fragment (15 U) in buffered solution (100 yl) was incubated at ambient temperature with occasional mixing. After 2 hours and again after 4 hours more enzyme (15 U) was added. After 18 hours the polymer was washed with H 2 0, 0.1 N NaOH, H 2 0 and finally with EcoRI buffer. The cellulose had an activity of 1.5 yCi (= 20 percent yield). In a control experiment the procedure was repeated without adding Klenow fragment. No significant radioactivity was incorporated into the cellulose. Incubation of the labeled immobilized oligomer with snake venom phosphodiesterase caused >95 percent of the radioactivity to be released from the cellulose. Figure 1 shows the results of the cleavage of the 31mer 5'-TCA ACG CTA GAA TTC GGA TCC ATC GCT TGG T, the 33mer 5'-CCA AGC GAT GGA TCC GAA TTC TAG CGT TGA GAT and the 31mer-33mer hybrid with EcoRI. As can be seen, the ss 31mer and the ds 31mer-33mer hybrid are cleaved with similar efficiency into their specific fragments, whereas the ss 33mer is cleaved at a much lower rate. Cleavage of the 33mer was observed at higher enzyme concentrations, the 40mer revealed no secondary structure that could create ds GAATTC regions by intramolecular duplex (hairpin) formation. However, intermolecular duplex formation between the GAATTC regions of two ss oligonucleotides could occur, resulting in the observed ss cleavage. Due to the instability of such transiently formed structures, the rate of ss cleavage would be expected to be significantly lower compared to the rate of ds DNA cleavage. Our finding that both the ss 31mer and the ss 40mer are cleaved at a rate similar to the rate of the ds 31mer-33mer and the ds 40mer-42mer cleavage suggests that EcoRI cleavage of ss oligonucleotides is not caused by intermolecular duplex formation.
RESULTS AND DISCUSSION Interaction of oligomers with EcoRI in solution

Attachment of Oligonucleotides to Cellulose and Interaction of EcoRI with the Immobilized Oligomers
To further exclude the possibility of intermolecular duplex formation of the oligomers in solution, we decided to immobilize the oligomers on solid support. Since the immobilized oligonucleotides were to be tested as potential substrates for the EcoRI restriction enzyme, we chose to use enzymatic methods to bind the oligomers to the solid support rather than chemical methods (15) to assure accessibility for the enzyme. The method is depicted in Fig. 2: Oligo-dT cellulose was annealed with the 54mer 3'-A, The results of the restriction endonuclease treatment of the oligomers immobilized to cellulose are summarized in Fig. 3 . As can be seen, EcoRI caused the release of radioactivity from the cellulose from both the ss and the annealed oligomers, the rate of release from the annealed cellulose being higher.
In order to distinguish between specific endonucleolytic activity of EcoRI and unspecific nuclease activity, the radioactive DNA released from the polymer was ethanol precipitated and the precipitate analyzed by gel electrophoresis. As shown in Fig. 3 , the radioactive materials released from the cellulose were a mixture of 19 and 20mers (as a result of partial Klenow repair), indicating specific EcoRI cleavage. Similar results were obtained with the 33mer ligased to oligo dT cellulose (data not shown).
In this model system where oligomers are attached to solid support intermolecuiar duplex formation between the oligonucleotides is not possible. Our finding that EcoRI cleaves these immobilized oligomers specifically strongly supports the notion that EcoRI acts on single-stranded DNA, and that duplex formation is not necessary for the enzymatic cleavage.
